Abstract. Complex metallic alloys frequently exhibit atomic clusters as structural units. In quasicrystals, they are densely arranged retaining an overall long-range quasiperiodic translational order. Thus, clusters are geometrical entities. The often posed question is, whether these are also responsible for physical properties. Fracture experiments and simulations strongly point towards a positive answer. However, a recent analysis of experimental fracture surfaces questions a signature of the clusters. From the self-affine behavior of a model system it is shown that the findings cannot vitiate the role of the clusters in the fracture process.
Introduction
Complex metallic alloys often exhibit atomic clusters as structural building blocks. In quasicrystals, clusters are densely packed maintaining the long-range quasiperiodic translational order. An ongoing and persistent discussion (see, e.g., [1] ) is whether or not these entities in quasicrystals are also responsible for physical properties.
Free surfaces of quasicrystals could allow to directly see a possible influence of the clusters -at least if the clusters were indestructible supermolecules. One method to prepare surfaces is to sputter and then to anneal them. Several groups reported that nearly flat terrace-step structures evolve when quasicrystals are annealed at sufficiently high temperatures (see, e.g., [2, 3] and references therein). At lower temperatures, however, the surfaces remain rough. The observation of flat surfaces is often used as an argument against a physical role of the clusters. However, this experimental result only is sufficient to state that the clusters are not indivisible. Furthermore, the used annealing techniques should always favor flat surfaces at high enough temperatures. Thus, a clear signature of the clusters can only be expected at low temperatures. One hint towards a cluster feature is the site-specific nucleation of atoms on bulk-terminated surfaces. For fivefold i-AlPdMn the so-called "dark star" sites are interpreted as hollow sites corresponding to sliced clusters (see, e.g., [3] ). Thus, Al atoms preferably nucleating on these sites recreate the cluster structure. So, at least for adsorption, the clusters seem to play a role.
Another way to arrive at quasicrystalline surfaces is to fracture samples at low temperature. In the following, we will concentrate on such fracture surfaces, namely those of icosahedral quasicrystals, to further analyze a possible physical role of the clusters.
Fracture
When does a sample fail by fracture? How do fracture surfaces in principle look like? A simple answer gives the so-called Griffith criterion. It states that the elastic energy stored in the system must be sufficient for the generation of new surfaces by crack propagation. Thus, when pulling at a specimen, a preexisting crack should choose to travel on a surface of lowest energy. However, in this simple global picture, the atomistic nature of matter is fully neglected. Thomson [4] showed that due to the discreteness of the lattice cracks remain stable even under loads that deviate from the Griffith value. Due to this lattice-trapping, one has to pull harder, i.e. one has to invest more energy from the start then needed for flat surfaces. Thus, generally, fracture surfaces are non-equilibrium surfaces that do not possess the lowest roughness or the lowest surface energy. The local environment at the crack tip, the strength of the interatomic bonds, and the deformation behavior determine, how cracks travel. Thus, in a very simplified picture, a crack should sense the clusters in quasicrystals if they have a physical meaning.
Experimental results of cleavage on quasicrystals are scarce. Ebert et al. [5, 6] investigated the fracture of iAlPdMn and found rough surfaces with visible globular features. This suggests that the clusters are responsible for the observations. To further enlighten whether this conclusion holds, we investigated previously a three-dimensional icosahedral quasicrystal using molecular dynamics simulations [7] . The model quasicrystal with simple model potentials has been chosen to gain insight into properties of the structure without being specific to a certain material. For this model system, detailed analyses show that indeed the clusters influence fracture behavior although they do not behave as supermolecules. Furthermore, the simulation of a related C15 Laves compound (which does not possess # by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: frohmut.roesch@itap.physik.uni-stuttgart.de) the clusters of the quasicrystal) gives atomically flat surfaces, whereas the quasicrystalline surfaces are rough on the cluster scale [8] . Thus, from our simulations it is evident that the inherent cluster structure is responsible for the fracture behavior of the model quasicrystal. It is now tempting to state than one indeed can see the influence of the clusters. However, in a recent article, Ponson et al. [9] studied the self-affinity of the fracture surfaces of Ebert et al. and questioned the signature of the clusters. The following section is dedicated to the question, whether the self-affinity of fracture surfaces can be used to decide on the role of the clusters in quasicrystals.
Self-affinity
A method to study the roughness of fracture surfaces is to calculate height-height correlation functions. These uncover scaling properties with a "universal" roughness exponent of about 0.8 for a wide range of materials [11] . However, so far, no theoretical model is able to satisfactorily comprise this self-affinity. So, it seems to be impossible to interpret microscopic properties of the investigated structures starting from the scaling behavior. It is even hard to distinguish a fractured from a sputtered surface, as the roughness exponents of both surfaces can lie in the same range. Although the scaling properties of cracks seems to be "universal", the range of length scales in which this universality is valid strongly varies for different materials. It has been proposed that the associated cutoff length x is related to the size of the process zone R c [12] (a list of the variables and their meaning is given in Table 1 ). Inside this area, linear elastic predictions deviate from the real deformation field. Such a nonlinear and dissipative region always has to exist, as atomic bonds break at the crack tip. The behavior on and below this scale defines whether, how, and where a crack propagates. R c should therefore depend on the microstructure.
Ponson et al. [9, 10] analyzed the roughness of iAlPdMn fracture surfaces. The scaling properties resemble those of various disordered materials. The height-height correlation function h 1 reveals a self-affine behavior from the atomic scale up to x % 2 nm. The Hurst exponent H 2 is close to 0.72 (see Fig. 2 in Ponson et al. [9] ). As the self-affine region includes the radius of the clusters r c % 0.5 nm, the authors state that the morphology of the fracture surfaces does not reflect the cluster distribution. Therefore, an influence of the clusters on physical properties is questioned.
The dispute whether or not the clusters should influence the height-height correlation function h can be enlightened with the help of numerical experiments. Thus, the experimental findings at room temperature are compared to the results from atomistic simulations. The experimental surface data has been obtained by scanning tunneling microscopy. The molecular dynamics simulations have been performed in a representative icosahedral binary model quasicrystal at low temperature and load. The fracture surfaces are geometrically scanned [7] . The length scale of the model is given by r 0 , the shortest distance between two atoms. Thus, the icosahedral system, the temperature as well as the contrast of the scanning images do not agree with the experimental situation. The experimental surfaces further may suffer from e.g. noise, anisotropy due to imaging, misorientation, signal amplification, and local geometric filtering [13] . In spite of these difficulties and differences, qualitative aspects of the experiments are resembled well by the simulations.
In Fig [7] ) for twofold surfaces. As the data sets differ due to e.g. the different scanning techniques, temperatures, and models, h sim has to be scaled by a factor of 3 for the simulations to allow a direct comparison. This shift e.g. indirectly indicates that the experimental surface has a higher rootmean-square roughness than the one simulated at very controlled conditions at low temperature. The absolute value of h, however, is not relevant for the following considerations. The characteristics of the curves and x already allow to decide whether h can give valuable information on the role of the clusters.
Assuming that the crack front is propagating between indestructible spherical clusters, a drastic change in the behavior of h for Dr % r c could be expected. However, Fig. 1 clearly shows that neither for the experiment nor for the simulations a hard crossover can be observed. However, h sim is a bit more curved 3 . To investigate the influence of the scanning conditions on h, the radius r of the scanning sphere is varied (see Fig. 1 and caption) . Obviously, h depends on the tip size. Nevertheless, for the first few points on the left in Fig. 1 all curves give H % 0.7. For the simulations, x % 1 nm is a reasonable assumption. Thus, as in the experimental findings, the self-affine region can include the radius of the clusters r c . Detailed analyses of the simulated fracture surfaces prove that the clusters affect crack propagation in the model system. So, in the simulations, the clusters play a crucial role despite x & r c . Consequently, one cannot conclude from x > r c that the clusters are not responsible for the morphology of the fracture surfaces. Moreover, h sim shows a rather smooth behavior in Fig. 1 . Thus, even clusters that influence crack propagation do not necessarily lead to an obvious feature in the height-height correlation function. This is reasonable as the clusters are not unbreakable supermolecules. Without a sole relevant length scale, the lower limit of the power-law behavior is caused by the atomic size and not by the clusters. Furthermore, as shown by varying the tip size, details of the height-height correlation function may easily be hidden in experiments by limitations in the resolution of the scanning devices and any additional noise. In conclusion, a lack of a characteristic feature in the h curves does not allow to exclude an influence of the clusters on the fracture process. From this discussion it is evident that the results of Ponson et al. [9] cannot be used to disprove a physical role of the clusters. In contrary, the clusters help to understand the magnitude of x, which is related to the process zone size R c . Icosahedral quasicrystals macroscopically behave elastically isotropic. However, locally, the response can change due to the clusters and the glue atoms in-between. If the clusters should directly affect crack propagation, their local deformation close to the crack tip should deviate from the linear elastic prediction. By definition, such a deviation only is possible within the process zone. Thus, the cluster scale should give an estimate for the size of the process zone. So, the relation R c & r c observed in experiment and simulation can be seen as a direct consequence of the physical role of the clusters in quasicrystals.
Summary
Do clusters play a physical role? In quasicrystals most of the atoms are located inside clusters. The structure is mainly determined by the arrangement of these clusters. So, intuitively, it rather should be surprising if the answer should be "no". However, the difference to the glue atoms in-between is not so pronounced as to term them supermolecules. Clusters can be cut both in experiments and simulations. In model quasicrystals computer simulations indicate that indeed the structure influences crack propagation. Experimental fracture surfaces are rough on the cluster scale. Surfaces sputtered and annealed at low temperatures also exhibit roughness. Bulk-terminated surfaces show preferred adsorption of atoms at cluster sites. Thus, there is evidence to state that clusters are physical entities.
It has been shown that the self-affine behavior of experimental fracture surfaces does not contradict this statement. Even a system with physically relevant clusters can give height-height correlation functions without a special signature. Thus, one cannot conclude from a heightheight-correlation function h without a hard crossover that the clusters do not play a physical role. So, overall, h is not very well suited to decide on the role of the clusters. However, the extraordinary size of the process zone follows naturally from the elastic response of the cluster-substructure. 
